Yttria-stabilized zirconia powders with 3, 5, 8 and 10 mol% yttria added (Z3Y, Z5Y, Z8Y and Z10Y, respectively) were prepared. XRD studies indicated that the Z3Y and Z5Y samples were tetragonal whereas Z8Y and Z10Y were found to be cubic in shape.
INTRODUCTION
In recent years, zirconia has been used extensively as an effective adsorbent in the chemical industry. Indeed, not only adsorption but also chemical reactions and catalytic decomposition can take place on its surface. Zirconia powder is mainly used in packing filters as a protective agent against poisonous vapours and air pollutants.
Zirconia has been widely used as a catalyst either on its own Park et al. 2000; Ferino et al. 2000) or mixed with other catalytic materials Guglielminotti et al. 2000; Bitter et al. 2000) , as a catalytic support (Sekizawa et al. 2000; Tabakova et al. 2000; Lu et al. 2000) and as a binding agent (Takemoto et al. 2000; Arhancet et al. 1999) . Nowadays, a very useful solid superacid catalyst (Satch et al. 2000; Yadav and Nair 1999) is prepared using zirconia. Zirconium chemicals find numerous applications in paint, glass, tableware and sanitary ware industries (Fujishiro et al. 1999; Esposito et al. 2000) .
Zirconia powder has been used effectively as an adsorbent, particularly for pollution control (Kuleva et al. 2000; Ohtsuka et al. 2000) . Studies on the biological applications of zirconia have also been undertaken (Hoerner et al. 1999; Sine et al. 1999; Asahi 2000; Yoshida et al. 2000; Schwabe and Nehren 1999) .
The adsorption of organic molecules on metal oxide surfaces is a basic phenomenon in catalytic reactions occurring on a surface. Alcohols provide versatile probe molecules in surface chemistry studies and the study of their adsorption provides information regarding the nature and properties of catalytic surfaces for practical purposes.
The present study was devoted to a detailed investigation of the adsorption of low molecular weight, normal aliphatic alcohols, i.e., methanol, ethanol, n-propanol and n-butanol, on pure zirconia and yttria-stabilized zirconia powders. From the adsorption data obtained, the surface areas of the powders were calculated via the application of different adsorption theories.
EXPERIMENTAL

Materials
Zirconium oxychloride (A.R.) and yttrium oxide (A.R.) used in the preparation of the stabilized zirconia samples were supplied by Merck, as were the alcohols used for adsorption studies. Zirconium oxide was provided by the Pakistan Atomic Energy Commission. All chemicals were used without further purification.
The stabilized zirconia samples were prepared via the co-precipitation method. Thus, zirconium oxychloride and yttrium chloride solutions were mixed in the appropriate ratio, following which conc. ammonia solution was added with constant stirring to generate the precipitates. Excess ammonia was added and the precipitates along with the mother liquor transferred to an autoclave. After heating at 473 K for 2 h, the precipitates were filtered and washed with distilled water.
Attempts were made to adsorb vapours of organic compounds containing different functional groups onto the surfaces of these samples but without success. Even increasing the surface areas of the samples using physical methods had no effect on the extent of adsorption. Hence, it was concluded that a high surface area was not the only active factor in achieving adsorption onto these particular solids. However, use of the method proposed by Ghoneim et al. (1987) not only increased the surface area of the samples but also induced the adsorption process. It is possible that this method of preparation brought about some changes in the sample surface, thereby enabling alcohol vapours to be adsorbed on these solids.
Representative samples were obtained using a Fritsch Laboratte 10 electromagnetic sample divider. This allowed simultaneous division into 10 samples to reduce errors due to separation, wear and agglomeration (Lowell and Shields 1984) . Thus, after introduction of the entire sample, use of the divider led to the generation of a powder which was exactly representative of the initial batch, with the samples in each collector possessing a size gradient downwards from top to bottom.
Methods
X-Ray diffraction analyses were undertaken using a Siemens D-500 diffractometer interfaced with a PDPII microcomputer. The diffractometer was calibrated using a standard quartz sample and diffractograms of the various samples recorded using Cu Kα radiation in conjunction with a nickel filter and a scintillation detector. To obtain X-ray data, at least three diffractograms were obtained for each sample by scanned over a 2θ range of 20-110°with a scan rate of 2°/min. The mean of the peak positions (in 2θ units) and their corresponding intensities were measured. For such intensity measurements, the magnitude of the strongest peak was given an arbitrary value of 100 and the relative intensities of other peaks calculated by normalizing with the strongest peak. The data thus obtained were indexed for their hkl values and compared with the standard JCPDS (ASTM) values. A Quantasorb sorption system was used to determine the surface areas and pore-size distributions of the zirconia samples, employing the technique of adsorbing an adsorbate gas (nitrogen) from a flowing mixture of adsorbate and an inert non-adsorbable carrier gas. Adsorption/desorption studies were conducted on a Cahn-1000 Electrobalance (CEB) by measuring the change in thermal conductivity of the gas mixture, with the adsorbate/carrier gas ratio being adjusted to the required concentration. Prior to nitrogen adsorption, all physisorbed species were removed from the surface of the sample by heating the latter at 523 K under a vacuum of 10 −4 mbar. Adsorption studies were conducted over the relative pressure range 0 < P/P 0 < 0.99, following which desorption was studied on the same sample to low relative pressure values. Such measurements allowed the entire adsorption/desorption isotherm to be constructed. Four isotherms were recorded at four different temperatures for each system studied.
RESULTS AND DISCUSSION
X-Ray diffraction studies
The X-ray diffraction patterns for Z3Y, Z5Y, Z8Y and Z10Y are depicted in Figure 1 together with the interlayer spacing (d) values assigned to the strong peaks. The peaks observed in all the cases were quite sharp, thereby indicating that the samples were in the crystalline form. The d-values were calculated by using Bragg's law as expressed in equation (1):
(1)
The corresponding d-values obtained (together with the standard values) are listed in Tables 1-4 for different hkl values together with the Miller indices, lattice parameters, relative intensities and unit cell volumes of the peaks depicted.
The lattice parameters were calculated using equations (2) and (3) for tetragonal and cubic systems, respectively:
where h, k and l are the Miller indices of the plane.
The volumes of the unit cells were calculated using equations (4) and (5) for tetragonal and cubic systems, respectively:
where a and c are the lattice parameters. The unit cell dimensions were calculated through the use of a computer program which required input data values of a and c as calculated using equations (2) and (3), the observed d values and corresponding h, k and l values. The values of all these parameters were obtained after three refinement cycles for a particular crystal lattice.
Zirconia exists in three crystallographic forms. The monoclinic phase is stable up to 1443 K where it transforms to the tetragonal phase. This is stable up to 2643 K when the cubic phase appears and exists up to the melting point. The pure zirconia powder used in the present study was monoclinic in structure at room temperature, as expected, but the addition of yttria led to stabilization of the tetragonal and cubic forms.
Tetragonal zirconia (PSZ)
The addition of only a small amount of yttria to the original monoclinic zirconia led to the formation of partially stabilized zirconia (PSZ), a mixture of zirconia polymorphs. PSZ converts to the tetragonal phase at temperatures above 1273 K and to a mixture of the cubic and monoclinic (or tetragonal) phases at a lower temperature (Stevens 1986; Garvie 1970; Heuer and Lenz 1982; Blvor et al. 1994) . For these reasons, PSZ is sometimes referred to as tetragonal zirconia polycrystal (TZP). Usually such PSZ contains 3-4 mol% yttria. The results listed in Tables 1 and 2 indicate that the addition of up to 5 mol% yttria to monoclinic zirconia led to the formation of a tetragonal structure.
Cubic zirconia
The X-ray diffraction data for Z8Y and Z10Y (Tables 3 and 4) demonstrate that the powders obtained after the addition of a higher percentage of yttria possessed a stabilized cubic structure. Generally, the addition of more than 8 mol% yttria is necessary to form fully stabilized zirconia (Stevens 1986; Garvie 1970; Heuer and Lenz 1982; Blvor et al. 1994) . The X-ray diffraction patterns obtained for these samples (Figure 1 ) indicate that, whereas the peaks for both samples occurred at the same 2θ values, those for the Z10Y sample were more intense. This may have been due to the high stability attained by adding yttria in the maximum required ratio.
Adsorption of alcohol vapours
Isotherms have been used successfully to obtain quantitative information about the nature of an adsorbent surface and its porosity as a function of the packing of the adsorbate molecules. Specific surface areas are normally studied by making use of adsorption isotherms which allow a quantitative evaluation of the monolayer capacity of an adsorbate. This determination is important not only industrially but also in understanding the nature of adsorption, through calculations of the specific surface area and various thermodynamic functions.
All the isotherms for the adsorption of the different alcohols studied (MeOH, EtOH, PrOH and BuOH) onto zirconia and yttria-stabilized zirconia (Z3Y, Z5Y, Z8Y and Z10Y) were sigmoidal in shape or type II in the BDDT classification system -see Figure 2 which depicts the results of the zirconia/alcohol systems only. Type II isotherms are very common where physical adsorption occurs and usually indicate multilayer formation. This type of adsorption has usually been reported either on non-porous powders or on powders with such an open structure that they behave as completely non-porous as far as their adsorptive properties are concerned (Gregg and Sing 1982) . The amount adsorbed increased as the relative pressure increased in all the cases studied, to finally attain a maximum value and then remain constant over a particular relative pressure range. This plateau region probably represents the completion of a monolayer of adsorbate molecules on the adsorbent surface. A sharp rise in the isotherm was observed after completion of the monolayer (see Figure 2 ). This may be due to capillary condensation in the adsorbent pores as reported earlier for hydrophobic mesoporous solids (Kruk et al. 1999) , the point of inflection allowing the monolayer capacity to be calculated. It is obvious from Figure 2 that the amount adsorbed decreased with increasing temperature in all the systems studied, indicating that the adsorption process was exothermic as expected for the adsorption of gases on solid surfaces. The effect of temperature can also be interpreted in terms of earlier suggestions of the co-existence of forces operative in condensation with those of adsorption at low temperatures . The orientation and adsorption of an adsorbate molecule may be opposed by thermal agitation. Since the amount adsorbed diminished with increasing temperature, it follows that a certain temperature must exist for each system above which adsorption is impossible.
The amount adsorbed also depends upon the size of the adsorptive molecule. The latter may be derived from equation (6): (6) where A m , M, ρ, L and f are, respectively, the area occupied by one molecule, the molecular weight of the adsorbate molecule, the density of the adsorbate, Avogadro's number and the packing factor [for close packing, f = 1.091 (Afzal et al. 1973) ]. Using this equation it was possible to calculate that, at 273 K, the surface area occupied by the various molecules studied was: methanol, 18.0 Å 2 ; ethanol, 22.8 Å 2 ; n-propanol, 27.2 Å 2 ; n-butanol, 31.0 Å 2 . Hence, the amount adsorbed decreased in the sequence: methanol > ethanol > n-propanol > n-butanol. This trend is obvious from the data depicted in Figure 3 (where, again, only the results for the zirconia/alcohol systems are shown).
One of the most common uses of the adsorption isotherm is to determine the surface area of finally divided solids. Such information can be of great importance in a number of areas including heterogeneous catalysis and various sorption applications. The experimental data obtained in the present work were examined using the Langmuir isotherm equation [equation (7)] and the BET isotherm equation [equation (8)] (Gregg and Sing 1982; Atkins 1994 ):
where X is the amount of nitrogen adsorbed, V m is the volume occupied by a single nitrogen molecule on the surface, K is the Langmuir constant and, according to the original theory, C is the constant that is related exponentially to the "first layer" heat of adsorption and may be calculated from the slope. The experimental data obeyed both these equations and gave linear plots. The V m values, and hence the specific surface area of each sample, were calculated from equation (9) as employed by other authors (Afzal et al. 1982 (Afzal et al. , 1984 Adamson 1990 ):
The results are summarized in Tables 5−9 from which it is seen that the values of the surface area decreased as the temperature and size of the adsorbate molecule increased. In the latter case, when the size is large, a smaller number of molecules may be accommodated within the available space (Afzal et al. 1991) . In addition, since the adsorption of the various alcohol vapours studied is exothermic in all cases, it is more favourable at low temperature and leads to a decrease in surface area with increasing temperature. Such results are consistent with other studies on different adsorbents (Mikhail et al. 1970; Gervasini 1993; Horvat and Sing 1961) . It has been found that the surface area of the stabilized zirconia samples increases as the amount of Y 2 O 3 increases to 5 mol% and then decreases as the concentration of added yttria increases further. Indeed, as the percentage of added Y 2 O 3 increases, the structure of the oxide changes from monoclinic to cubic. The increase and then decrease in adsorption (and hence in surface area) may be due to the change in the crystalline structure or to different interaction behaviours of the adsorbate molecules with different crystalline modifications of the adsorbent.
The orientation of the adsorbed molecules onto the solid and their mode of packing also affect the surface area obtained. A symmetrical or a small molecule, with a small side chain, would have its polarity transmitted to its nearest ends and hence adsorb in such a manner that it is entirely located parallel to the surface. This would lead to large values of the specific surface area as observed in the present study with methyl alcohol molecules. The alkyl group in organic molecules has an inductive effect, i.e. a tendency to transfer electrons to neighbouring atoms in the molecule. This tendency increases as the carbon chain in the alcohol increases. Thus, a larger alcohol molecule with a long side chain might easily possess both polar and non-polar ends. On adsorption, the molecule will be aligned vertically with its polar end group attached to the adsorbent surface. This would enable such molecules to pack close together in forming a monolayer on the surface and hence yield surface area values which lie on the lower side (Afzal et al. 1982) .
The surface area values obtained through the application of two different theories, i.e. the Langmuir and BET theories, have been compared. It was observed that the values derived from the BET isotherm theory were lower than those obtained from application of the Langmuir isotherm. This may be because the BET method is only applicable over a certain range of relative pressures and usually gives results whose values are lower than those derived from the Langmuir isotherm.
Nitrogen adsorption measurements
A common tool for the characterization of adsorbent surfaces is nitrogen adsorption which allows one to determine the specific surface area and pore-size distribution and to probe the surface properties of porous materials.
Surface area calculations
The most popular method for the measurement of surface area is the adsorption of nitrogen at low temperatures (77 K). Under such conditions, most adsorbents do not exhibit specific interactions and the adsorption of nitrogen molecules can be approximated by the monolayer model. The level of the plateau in the resulting isotherm corresponds to the amount of molecules packed into a dense monolayer. Since one nitrogen molecule usually occupies an area of 16.2 Å 2 on a polar surface, it is possible to determine the total surface area of a given adsorbent from the amount of molecules adsorbed.
The nitrogen adsorption isotherms obtained in the present studies are shown in Figure 4 . All these isotherms are of type III in the BDDT classification, which is similar to that reported in the literature for the adsorption of nitrogen on titanium oxide (Harkins and Jura 1944). The type III isotherms are convex towards the relative pressure axis and this convex nature is apparent throughout the whole course of the isotherm. This type of isotherm is usually exhibited by a non-porous or macroporous solid and Kiselev (1968) has suggested that it is characteristic of weak gas-solid interactions. This type of interaction would lead to only a small uptake of adsorbate at low relative pressures; however, once some molecules are adsorbed, adsorbate−adsorbate forces would promote the adsorption of further molecules. Since the isotherms (type III) indicate extremely weak adsorbent-adsorbate interactions, they give somewhat unreliable BET surface areas.
The apparent surface areas of the samples were determined by applying equation (9) to the physical adsorption data for nitrogen at 77 K using a value of 16.2 Å 2 for the molecular crosssectional area of the nitrogen molecule. The BET plots for all the systems studied are given in Figure 5 . Some deviation of the experimental points from linearity with increasing relative pressure may be observed. Such deviation occurs at relative pressures greater than 0.30, i.e. the BET equation breaks down when adsorption occurs on the less active points on the surface. Indeed, Brunauer et al. (1940) reported that linear plots were not generally observed at relative pressures above 0.30 although Herman and Emmett (1954) concluded that the BET equation gave a reasonable fit to adsorption data over the relative pressure range 0.05 < P/P 0 < 0.35. It is assumed that a monolayer of the adsorbate is formed on the surface over this range since the BET C values obtained usually give heats of adsorption that are quite reasonable. Thus, over this relative pressure range, the majority of isotherms yield linear BET plots and correspond to the situation in which the very high energy sites are occupied but extensive multilayer adsorption has not yet commenced.
The surface areas of the samples were also calculated via the BET single-point method (Lowell and Shields 1984; Khattak et al. 2000) using the equation:
where V c is the calibration volume, "desorption" corresponds to the desorption signal and "calibration" corresponds to the calibration signal. The values thus obtained are summarized in Table 10 . From Table 10 , it is seen that application of the multipoint method indicated that an increase in specific surface area occurred on increasing the amount of Y 2 O 3 in the zirconia samples up to a value of 5 mol%. Thereafter, in the presence of greater amounts of Y 2 O 3 , the specific surface area started to decrease. The data obtained from an application of the single-point method of surface area determination also support this observation (see Table 10 ). This change may be due to 128 I. Faeza et al./Adsorption Science & Technology Vol. 23 No. 2 a change in the crystal structure of zirconia which, as shown by X-ray data, changed from the tetragonal to the cubic variety in going from 3 mol% yttria to 10 mol% yttria. However, surface area values calculated using the single-point method were less than those obtained from the multipoint method (see Table 10 ). Similar results have also been reported earlier (Young and Crowell 1962; Brennan et al. 1963) . The ratio of V M (monolayer volume from the BET multipoint method) to V B (point B from the single-point method) lies between 0.75 and 1.53. Indeed, the individual values from the two methods may differ by as much as 20-100%, depending upon the knee of the isotherm.
Total pore volume and average pore diameter If X s is the weight of adsorbate adsorbed at saturation (i.e. when P/P 0 = 0.99), this quantity may be related to the volume of liquid adsorbate via equation (11): (11) where V and ρ are the volume of liquid adsorbate at saturation and the liquid density, respectively.
Various workers working on different systems have reported that, for porous adsorbents, the liquid volume of different adsorbates at saturation is essentially constant and independent of the adsorbate (Broad and Foster 1946; Foster 1934; McKee 1959; Brown and Foster 1951) . This constancy of the liquid adsorbate at saturation is known as the Gurvitsch rule and provides direct evidence that the pores are filled with liquid adsorbate at saturation vapour pressure (Gurvitsch 1915) .
To calculate the total pore volume, it is necessary to measure the total volume of the adsorbate. In order to include pores of a large radius in the measurement, the Kelvin radius (r k ) is calculated choosing the relative pressure closest as possible to unity and using equation (12): (12) where γ is the surface tension of liquid nitrogen at 77 K (85 erg/cm) and V is the molar volume of liquid nitrogen at the same temperature (34.6 cm 3 ). The average pore radius, , can then be calculated from the ratio of the total pore volume and the BET surface area using equation (13): (13) The average pore diameters of zirconia powders have been calculated and are given in Table 10 .
Microporosity
A new way of treating nitrogen adsorption isotherms has been developed which yields a more reliable estimate of the micropore volume and the external surface of the adsorbent. This method is based on the assumption that the experimental adsorption isotherm results from two processes, i.e. adsorption on the external surface and adsorption in the micropores, the former being governed by the BET equation (Kiselev 1968) In the present studies, the experimental data were also examined using the D-R equation in its simplified form as: (14) where V is the volume of adsorbate present in the micropores at a temperature T and a relative pressure P/P 0 , while V 0 and E are the total volume of micropores and the characteristic energy for the given adsorbate-adsorbent system, respectively.
The D-R plots for the adsorption of nitrogen onto zirconia and stabilized zirconia are shown in Figure 6 . The plots depicted are linear over the low relative pressure region and then exhibit an upward deviation at higher relative pressures. The same trend occurs in all five systems studied. The deviation from linearity shows that all the samples possessed a heterogeneous micropore system as reported earlier for strongly activated carbons (Stoeckli and Houriet 1978) . It is also possible that such a deviation could arise from capillary condensation in transitional pores or multilayer formation on the walls of macropores (Marsh and Rand 1970) . The uncertainty in extrapolating the linear section of the plot to obtain an intercept value for V 0 was very high for the samples studied; indeed, at least two different values of V 0 may be deduced as is clear from the plots. If all the experimental data points were considered in such an extrapolation, the resulting value of V 0 would have been very high relative to the value obtained from an extrapolation of the data points at lower P/P 0 values. In the present work, only the data points at low relative pressures were chosen for such an estimation (see Figure 7) .
The results obtained from the experimental data are listed in Table 11 . It will be seen that the increasing and decreasing pattern in the values of the pore volume, pore diameter and characteristic energy of the adsorbate-adsorbent system is quite similar to that observed with the specific surface area. Thus, the pore volume and the pore diameter first increase as the mole percentage of yttria added to the samples increases and then decrease at higher yttria contents. Indeed, this trend is obvious in the results depicted in Figure 7 . Of the various yttria-stabilized samples studied, the energy of the system exhibited a maximum for sample Z5Y. As this is the energy of interaction between the adsorbent and the adsorbate, this suggests either that the system nitrogen-Z5Y is more stable or there are more active sites available on the Z5Y surface. 
